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APOLLO 10 (MISSION F)(AS-505/CSM-106/LM-4)
SPACECRAFT DISPERSION ANALYSIS
ADDENDUM TO VOLUME I - NAVIGATION ERROR ANALYSIS

By W. T. Miller
A, L. Satin
Navigation Analysis Section
TRW Systems Group

1. SUMMARY

This document describes the navigation accuracy analysis of the
lunar orbit phase of the F mission, The analysis of the rendezvous naviga-
tion was performed by MSC/TRW Task A-194 and was not included in the
"Apollo Mission F Navigation Error Analysis" (MSC IN 69-FM-83),
Analysis of the MSFN updates was performed by MSC, For this analysis,
covariance matrices for the MSFN updates were constructed so that the
errors produced by incorrectly modeling the lunar potential in the RTCC
were simulated.

The error model used to generate these matrices was derived from
postflight analysis results of Langley Lunar Orbiter III and Apollo 8
navigation data and includes observed effects which cannot be modeled ana-
lytically because of the current lack of knowledge of the true lunar gravita-
tional potential,

This document presents an analysis of the MSFN update accuracies
at LOI-2, SEP, INS and TEI, and an analysis of the onboard navigation
accuracy during the rendezvous. Results are presented in-the form of
MSFN update uncertainties at LOI-2, SEP, INS and TEI, and LM and CSM
onboard inertial and relative state vector uncertainties at maneuver points
during the rendezvous.

A summary of velocity uncertainties is presented in the tables below:
CSM MSFN update uncertainties (30 RST velocity)

LOI-2 55,8 ft/sec
SEP 24, 3 ft/sec
INS 28. 6 ft/sec
TEI 33,8 ft/sec



30 RST relative velocity uncertainties for LGC estimates at rendez- .
vous maneuver times,

INS 53,9 ft/sec
CsI 7.4 ft/sec
PC 6.1 ft/sec ‘
CDH 7.6 ft/sec
TPI 5.6 ft/sec
MC-1 2.1 ft/sec
MC-2 1.4 ft/sec
The acceptability of the MSFN and LLGC rendezvous navigation will be .
determined by dispersion analyses. However, based on previous experi-
ence the accuracy of the LGC rendezvous navigation after INS appears to
be acceptable. The LGC relative state uncertainty at INS based on
rendezvous radar tracking between FCT and INS appears large. However,

this uncertainty will not affect the mission outcome since INS targeting
is not based on the LGC estimate.




CDH

CSI

CSM

DO1

FCT

IMU

INS

LGC

LM

LOI-1
LOI-2

MC -1

MC -2
MSFN

PC
RANGEVAR
RATEVAR
RR

RST
RVARMIN
SEP
SHAFTVAR
TEI

TPI

2. SYMBOLS

coelliptic delta height

coelliptic sequence initiation

command service module

descent orbit insertion

phasing

inertial measurement unit

insertion

LM guidance computer

lunar module

first lunar orbit insertion

second lunar orbit insertion

first midcourse correction

second midcourse correction

Manned Space Flight Network

plane change

square of range data weight in percent of range
square of range rate data weight in percent of range
rendezvous radar

root semitrace {square root of the sum of variances)
square of the minimum value of the range data weight
separation

square of the radar shaft angle data weight
transearth injection

terminal phase initiation



TPF
TRUNVAR

VVARMIN

o shaft

terminal phase finalization

square of the radar trunnion angle data weight

square of the minimum value of the range rate data weight

standard deviation of the radial position error

standard deviation
standard deviation
standard deviation
standard deviation
standard deviation

standard deviation

bias error

standard deviation

bias error

of the downrange position error
of the out-of-plane position error
of the radial velocity error

of the downrange velocity error
of the out-of-plane velocity error

of the rendezvous radar trunnion angle

of the rendezvous radar shaft angle




3. INTRODUCTION

This document describes the navigation accuracy analysis of the
lunar orbit phase of the F mission, The lunar orbit phase includes the
time between LOI-1 and TEI (76, 08:17 g.e.t. to 129:51:35 g, e.t.). An
event schedule for this phase of the mission is presented in Figure 1, The
navigation considered in this analysis consists of the following:

1. MSFN update prior to LOI-2

2, MSFN update prior to SEP

3. MSFN update after INS

4, LM rendezvous radar tracking during the rendezvous

5. MSFN update at TEI



4, ACCURACY OF MSFN UPDATES

MSFN updates of the CSM state occur prior to LOI-2, SEP, and TEI
and immediately after INS. Covariance matrices describing the accuracy
of these updates were generated using a technique similar to that described
in Reference 1. For example, initial errors in radius and downtrack
velocity were incorporated into the covariance matrices at the SEP update.
These errors included the expected increase in those quantities caused by
incorrect potential modeling during propagation from SEP to INS.

When these covariance matrices are propagated, the downtrack
position and radial velocity errors exhibit a secular growth which is
consistent with the Apollo 8 data.

The technique employed to generate these matrices is considered to
be preliminary, and the evolution of improved techniques can be expected.

4.1 MSFN Update Error Models

The error models used to generate the MSFN update covariance
matrices are given in Table I. The error models for the SEP, INS, and
TEI updates are based on the assumption that the MSFN data will be pro-
cessed using a Boeing R-2 lunar potential model and that the data arc
consists of more than one complete frontside pass. The error model for
the LOI-2 update also assumes processing with the R-2 potential model,
but the data arc is assumed to consist of only one frontside pass.

4.2 MSFN Update Covariance Matrices

The covariance matrices describing the accuracy of the MSFN
update used for support of the LOI-2 maneuver and the TEI maneuver are
presented in Table II. The covariance matrix is symmetric and, there-
fore, only the lower triangular portion is presented. The numbers in
the upper triangular portion of the matrix (i.e., above the diagonal) are
correlation coefficients. Each matrix is associated with the time of
ignition for a particular maneuver and is expressed in the spacecraft's
local U, V, W coordinate system at that time. (U is radial, positive
outward, W is in the direction of the angular momentum vector, and V
completes the right-handed system.) The LOI-2 and TEI matrices are
valid only at the maneuver time for which they are intended and will not
afford valid results if propagated forward. These matrices were taken
from References 2 and 3.

The covariance matrix describing the accuracy of the MSFN update
of the LM and CSM state vector just prior to the separation maneuver
(SEP) is presented in Table III. This matrix is applicable only for



the region between SEP and INS. Propagated past INS, this matrix does
not accurately reflect the MSFN navigation accuracy. Also, the matrix
does not reflect the LM accuracy after INS if onboard measurements are
not used to update the estimate of the L.M state. Table III also shows the
covariance matrix describing the accuracy of the MSFN update of the CSM
state immediately after the insertion maneuver (INS). This matrix is
considered applicable only for the region between INS and TPF. The SEP
and INS matrices are from Reference 4.




5. NAVIGATION ACCURACY ANALYSIS OF THE LM ACTIVE
RENDEZVOUS PHASE

The purpose of this analysis was to determine the accuracy with
which the F mission lunar rendezvous maneuver state vectors can be
determined from the MSFN and onboard tracking data. This information

is used to support a dispersion analysis which determines the trajectory
variations and fuel requirements.

This analysis was accomplished using linear error analysis tech-
niques and utilized TRW TAPP-IV, FASTAP, and SNAP (References 5, 6,

and 7) computer programs. This analysis was conducted for the reference
trajectory described in Reference 8.

5.1 Error Model

The error sources used in this analysis and their standard devia-
tions are shown in Table IV. These error magnitudes are consistent with
those given in Reference 9. After each burn the LM real-world covari-
ance matrix was degraded by adding a value of 0. 01 to the variances of
each of the velocity components. This addition corresponds to an accuracy
degradation of 0. 1 foot per second in each component of velocity.

5.2 Navigation Plan

The tracking schedule used in this analysis is presented in Figure 2
and is consistent with that given in Reference 10.

This tracking schedule was set by the FF Mission Rendezvous
Navigation Analysis Panel and is consistent with all present mission con-
straints and limitations.* Rendezvous radar tracking consists of range,
range rate, and shaft and trunnion angle observations taken at a rate of
one mark per minute. Tracking data are processed by the LLGC to obtain
differential corrections to the six components of position and velocity and
the shaft and trunnion angle biases.

b
Since this analysis was performed, the tracking schedule has changed
slightly (Reference 11).




The fit world covariance matrix (W matrix) was reinitialized
according to the following schedule.

Reinitialization Epoch Reinitialization Values
1st observation after phasing 2,000 ft; 2 ft/sec; 5 rnr*
21st observation after phasing 2,000 ft; 2 ft/sec; 5 mr
1st observation after INS 10, 000 ft; 10 ft/sec; 15 mr
5th observation after CSI 2,000 ft; 2 ft/sec; 5 mr
5th observation after PC 2,000 ft; 2 ft/sec; 5 mr
5th observation after CDH 2,000 ft; 2 ft/sec; 5 mr
1st observation after TPI 2,000 ft; 2 ft/sec; 5 mr
1st observation after MC-1 2,000 ft; 2 ft/sec; 5 mr

The following values were used for the P20 erasable memory data
weight constants.

RANGEVAR 0.1111E"%
RATEVAR 0.1877 E™4
RVARMIN 67 (m)°

VVARMIN 0.178 E™° (m/csec)?
SHAFTVAR 0. 000001 (rad)z
TRUNVAR 0. 000001 (rad)z

5.3 Results of Rendezvous Navigation Accuracy Analysis

One sigma uncertainties in components of the relative, LM, and

CSM state vector estimation errors are shown in Table V. Relative
uncertainties are given in LM orbit plane coordinates. CSM and LM
uncertainties are given in CSM and LM orbit plane coordinates, respec-
tively. Values are presented for each maneuver between SEP and TPF.
Uncertainties in the shaft and trunnion angle biases and root semitraces
(RST's) of position and velocity errors are also presented. Covariance
matrices for the LM, CSM, and relative state vector errors at each
maneuver are presented in the Appendix.

*At the time of publication the most recent tracking schedule called for
pre-INS reinitialization values of 10,000 ft/10 ft/sec and 5 mr. The effect
of this change on the uncertainties at INS should be small. The INS
uncertainties are not of great importance since the INS estimate is not
used for targeting.
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Table I. Error Models for MSFN Updates

Error Model for LOI-2 Update*

Local 10 Growth Rate
Uncertainty (per revolution)
] 1, 000 ft 500 ft
A" 3, 000 ft 11, 000 ft
8 0.1 deg 0.005 deg
Y 0. 01 deg 0.005 deg
Error Model for SEP, INS, and TEI Updates**
Local 10 Growth Rate
Uncertainty {per revolution)
U 1, 000 ft 500 ft
v 3,000 ft 3,000 ft
8 0.1 deg 0. 005 deg
Y 0. 01 deg 0. 005 deg

U is the radial position component
V is the downrange position component

® 1is the wedge angle between the actual
and estimated angular momentum vector

v is the flight-path angle

sk
Data arc of one revolution

e ol

""Data arc of two revolutions
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Table IV. Error Model for Rendezvous Analysis

Error Source 1iogUncertainty
Lunar gravitational 9 3 2
potential u * 7.10x 107 ft™ /sec
moon
IMU misalignment 0. 33 mr per axis
IMU drift 0.139 x 10-6 rad/sec per axis
RR range bias 170 ft/27 ft for range (greater than
50 n mi/less than 50 n mi)
RR range rate bias 0.3 ft/sec i
Noise:
angle data 1.0 mr
range 25.2 ft or 0.333% of range (whichever is
greater)
range rate 0.433 ft/sec or 0,433% of range rate

(whichever is greater)

Assumptions concerning the LGC dynamics capability are as follows:

a) Propagation of the error in the CSM state is always treated as
representative of an onboard R2 potential model,

b) Errors in LM state also exhibit growth as if propagated with R2,
until relative tracking data are incorporated after INS, From then on the
LM propagation errors are representative of an LGC and real-world with
a spherical lunar potential,

c) The correlations built up between LM state error and CSM state
error caused by incorporation of relative tracking data are calculated
assuming an LGC with a spherical lunar potential. It is assumed that '
these correlations are not significantly different for LGC with R2 capability.

14




1°8 1 ¢ L 09L ‘%
7°t 6°1 1°8 ¥°1 €L 08L ‘%
Z°0 £°0 €°0 087
8°2 'y L9 o¥L‘6
8°¢ 8°7 0°¢ S°1 L9 0eL‘6
¥°0 ¥°0 ¥°0 0671
i 4 [ | 0°9 0L6°'8
1°2 L} 'y v°1 ¥°9 006 ‘8
L0 ¥ 0 LT 09%
6°S P ¢ g°9 0€8 ‘L
8°7 A | £°9 ¥°1 0°9 0%9 ‘L
6°0 9°0 [ Nrd 026
0°L €1 0°9 0€s ‘9
9°1 8°0 9°9 ¥1 9 09L°9
6°0 L0 L1 098
£°9 1 9°¢g 00¢ ‘L
[} i 2 2°9 ¥°1 LS 0sL‘9
12 60 ot 2S2°V
8°2 | Sh4 0°6 rA] G G} 01d ‘e
g°8 [ 1 L6 012°‘%
[ LT 6°LT 086 ‘2
0°8 12 ¢ g°g 08L ‘¥
Gl Q7 6°8 €7 6°S 0€7 ‘€
6°0 0°1 [ ¢ 02ZL1
9°9 v 9°g 086 ‘9
St St 9°9 1 9°g 066 ‘9
0 0 0 14}
(aua) (1u) (d3s/31) (d99s/33) (99s/3) 09
13eysg Iip Mo 40 Do o)

0€0 ‘6
000 ‘6
oLy

0v6 ‘L
0.8°L
02z

oLL'9
008 ‘9
0s8

0%¥ ‘9
006 ‘9
0071 ‘}

09L°L
o¥LL
0r8

087 ‘L
0€0 ‘L
082

060 ‘87
00S ‘0%
0¥Z'81

061 ‘9
0071 ‘9
FA

067 ‘L
002 L
0?2

(3

Ap

0€s ‘1
0%S ‘1

092

05S ‘1
085 ‘7

022

00s ‘1
086 ‘1
oLy ‘1

0Ly ‘1
0Lz 2
099 ‘1

028 ‘1
0L6 ‘1
0€E ‘T

0SS ‘1
089 ‘71 .
090 ‘}

080 ‘s
0EF ‘1
02221

OEV ‘1
0zZ¥ ‘1
000 ‘%

09¢ ‘1
095 ‘1

9

@)

n

e}

6°071 0zg ‘o1

0°17 01¢ ‘0¥
S0 09¢
£ L 099 ‘21
S L 029 ‘21
L°0 09¢
S°L 13 2 8
L°L 0LE ‘TY
6°F OIS 'y
'8 0¥ ‘0%
8°8 08Z 0V
g2 0022
£°6 092 ‘01
€6 oLy ‘07
0°2 08L‘Y
9°8 0SE ‘0T
s°8 06846
§°2 0I18°%
9°81 096 ‘61
0°¢t 00% ‘11
0°81 0T} ‘22
8°6 066 ‘L
8071 000 ‘L
8°1 oey ‘2
8°8 (154 1)
8°8 097 ‘01
0 0¢
(29s/33) (13)
A310079 A uotnisod
1sYd

WSO
W1
aanjeray

WSD
WNT
sanelay

WSO

W1
saTyeIay

WSO
WT
aA3eray

WSD
W
sanyelay

WSO
W1
aAnjeray

WSD
W1
aAnyeray

WSO

W1
sAT eIy

WSD
W
aatje[ay

Id.L

HAajb

od

ISO

SNI

Sutrseyq

10d

snoazapuay JurIng se1jurelIaduUn uonRWNSH HHT ewdig-aup ‘A 2IqelL

15



9[NPaydg JUIAY 9SeYd 31qIQ IBUNT UOISSIN g

°] @2an3t g

LT '92
NOILNTOA
82 NOILNTOATY NIWOL - 131 WD ) N4SW v
SNI¥ALAY | NIWOZ + SN WD Wl 291
£l 'zl ¢
SNOILNTOAY
SNI 330438 NIWOZ + SNI | WD aNv D91 WsD NASW
NiNg 435 304
AV QIWHIEINOD
+ 11 ‘ol
SNOILNTOAZY
Zt NOILNTOATY NIW S+ 104 | DWD aNv 291 WsD N4SW
z
1 o1
SNOILNTOA3Y
ZI NOINTOAR |  NIWOL - 10 | DWD aNV 291 w1 N3SW
. { NOILNTOARY
Z NOINOAT | Niwot -z-1071| owoanv 291 | wiany wsd N4SW l
IWIL 3Lvadn ovL IWIL (¥31ndwod) | aatvadn oNi3e viva "ON v 3lyadn
ILVWILSI SILVWILS3 40 10¥n0s | ILvadn ”
40 SNOILYJ01 "1'3'9 seitsi6e “1°3'© 561113901
11 4d1
€ 3lvadn
‘1°3'9 zz:62:501 1379 1p:2S 0L "1°3°9 0prSiEol « "173°9 0£:€0°€01 "1°3°9 ££:90°101
ldL Had 15D SNI 124
Z 31vadn ( 31vadn
1°1°0 ZIS66 “1°3°9 00507601 G ‘1°3'9 21°2¢08 “ 173D 2138079,
10a 43s Z-101 (=101

17



In the figure below the numbers above the line refer to minutes of
time during which there is no tracking; those below the line refer to the
number of marks. The letter R refers to reinitialization of the fit-world
covariance matrix. The data rate was one mark per minute.

Post-INS tracking was used to update the LM state. Pre-INS
tracking was used to update the CSM state.

{ MSFN UPDATE OF CSM STATE

FCT o 40 30 '\° 20 6 &'

Figure 2. Rendezvous Radar Tracking Schedule
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‘ APPENDIX

This appendix contains covariance matrices for the relative state,
LM state, and CSM state uncertainties at each maneuver time during the
F mission rendezvous. The matrices are symmetric and, thus, only the
lower triangular portion is shown. The numbers in the upper triangular

‘ portion are correlation coefficients. Correlation coefficients relating to
the CSM state uncertainties and the LM state uncertainties are also
presented.
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